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KW-3902, a selective high affinity antagonist for adenosine Al
receptors

Hiromi Nonaka, Michio Ichimura, Masami Takeda, Tomoyuki Kanda, Junichi Shimada, Fumio
Suzuki & 'Hiroshi Kase

Pharmaceutical Research Laboratories, Kyowa Hakko Kogyo Co., Ltd., 1188 Shimotogari, Sunto, Shizuoka 411, Japan

1 We demonstrate that 8-(noradamantan-3-yl)-1,3-dipropylxanthine (KW-3902) is a very potent and
selective adenosine Al receptor antagonist, assessed by radioligand binding and cyclic AMP response in
cells.
2 In rat forebrain adenosine Al receptors labelled with [3H]-cyclohexyladenosine (CHA), KW-3902 had
a K, value of 0.19 nM, whereas it showed a Ki value of 170 nM in rat striatal A2A receptors labelled with
[3H]-2-[p-(2-carboxyethyl)-phenethylamino]-5'-N-ethylcarboxamidoadenosine (CGS21680), indicating 890
fold Al receptor selectivity versus the A2A receptor. KW-3902 at 10 gM showed no effect on recombinant
rat A3 receptors expressed on CHO cells.
3 Saturation studies with [3H]-KW-3902 revealed that it bound with high affinity (Kd= 77 pM) and
limited capacity (Bm,,x=470 fmol mg-1 of protein) to a single class of recognition sites. A high positive
correlation was observed between the pharmacological profile of adenosine ligands inhibiting the binding
of [3H]-KW-3902 and that of [3H]-CHA.
4 KW-3902 showed potent Al antagonism against the inhibition of forskolin-induced cyclic AMP
accumulation in DDT1 MF-2 cells by the Al-selective agonist, cyclopentyladenosine with a dissociation
constant (KB value) of 0.34 nM. KW-3902 antagonized 5'-N-ethylcarboxamidoadenosine-elicited cyclic
AMP accumulation via A2B receptors with a KB value of 52 nM.

5 KW-3902 exhibited marked species-dependent differences in the binding affinities. The highest affinity
was for the rat Al receptor (Ki=0.19 nM) and these values for guinea-pig and dog Al receptors were 1.3
and 10 nM, respectively.

Keywords: 8-(Noradamantan-3-yl)-1,3-dipropylxanthine (KW-3902); adenosine receptors; Al and A2 receptors; Al antagonists;
cyclic AMP; DPCPX

Introduction

Adenosine modulates a number of physiological effects by
stimulating specific cell surface receptors. On the basis of both
molecular pharmacological and biochemical studies these re-
ceptors have been divided into Al, A2A, A2B and A3 adenosine
receptor subtypes. The Al and A3 receptors mediate inhibition,
and the A2A and A2B receptors stimulation of adenylate cyclase
activity (Van Calker et al., 1979; Linden et al., 1991; Zhou et
al., 1992). Functional studies of each subtype both in vitro and
in vivo have progressed by use of selective agonists and an-
tagonists. Furthermore, several agents selective for adenosine
Al or A2 receptor have provided possible means of treating
renal disease, ischaemic bradyarrhythmias, sleep apnoea and
cognitive disorders, ischaemic conditions by a reversal of the
vascular steal phenomenon and erythrocytosis following renal
transplantation (Collis & Hourani, 1993).

KW-3902 [8-(noradamantan-3-yl)-1,3-dipropylxanthine]
(Figure 1) is a newly synthesized adenosine Al receptor an-
tagonist (Shimada et al., 1992). Recently, Mizumoto et al.
(1993) have reported that KW-3902 has potent diuretic and
renal protective activities in rats at very low doses. These ac-
tivities of KW-3902 have also been observed in dogs but at
significantly higher doses than in rats (Kobayashi et al., 1993).

As yet the in vitro pharmacological properties of KW-3902
have not been described in detail. Furthermore, the reason why
such a big species-dependent difference in pharmacological
activities has been observed remains to be elucidated. This
paper describes the binding properties of KW-3902 in brain
membrane Al receptors labelled with [3H]-N6-cyclohex-
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yladenosine ([3H]-CHA), compared to those of other selective
Al receptor ligands. We then used [3H]-KW-3902 to determine
the binding properties of the compound in rat forebrain.
Functional Al and A2B receptor antagonism of the compound
in DDT1 MF-2 and Jurkat cells was also investigated in terms
of the cyclic AMP signalling system. We further describe dif-
ferences in the binding properties of KW-3902 among rat,
guinea-pig and dog and discuss the reason for the species-
dependent difference in the in vivo pharmacological activities.

Methods

[3H]-CHA and [3H]-KW-3902 binding studies

Forebrain tissues from Wistar rats, Hartley guinea-pigs and
beagle dogs were homogenized in ice-cold 50 mM Tris-HCl

0

nPr H4H
N I~~

Q % N N

nPr

Figure 1 Structure of 8-(noradamantan-3-yl)-1,3-dipropylxanthine
(KW-3902).
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buffer, pH 7.7 in a Polytron homogenizer (setting 5, 30 s). The
homogenate was centrifuged at 50,000 g for 10 min at 40C,
and the pellet was washed twice in fresh buffer. The pellet was
resuspended in the buffer supplemented with 2 units ml-'
adenosine deaminase. Following a 30 min incubation at 370C,
the suspension was recentrifuged at 50,000 g for 10 min at 40C.
The final pellet was kept frozen until the binding assay ex-
periments. No difference in binding kinetics was found be-
tween stored and fresh tissue. To label mammalian brain Al
receptors, we used [3H]-CHA as one of the best Al receptor
radioligands available. Binding of [3H]-N6-cyclohex-
yladenosine ([3H]-CHA) to Al receptors was measured by a
modification of the method described by Bruns et al. (1980).
Incubation was for 90 min at 250C, in the assay mixture con-
taining 50 mM Tris-HCl buffer, pH 7.7, forebrain membranes,
and 1 nM [3H]-CHA in rat and guinea-pig or 6 nM [3H]-CHA
in dog for displacement studies. N6-(R)-phenylisopropylade-
nosine (R-PIA; 10 /M) was added to determine the non-spe-
cific binding. Binding reactions were terminated by filtration
through Whatman GF/C filters under reduced pressure using a
MT-24 cell harvester (Brandel, MD, U.S.A.). Filters were
washed three times with ice-cold buffer (5 ml) and placed in
scintillation vials, and bound radioactivity was determined in a
TRI-CARB 4530 Packard liquid scintillation counter (Packard
Instrument Co., CT, U.S.A.). 8-(Noradamantan-3-yl)-[3H]-1,3-
dipropylxanthine ([3H]-KW-3902) binding was measured by
the same procedure as for [3H]-CHA binding with the excep-
tion that incubation was for 60 min and 100 uM R-PIA was
used to determine the non-specific binding. The concentration
of 100 pM R-PIA was required to displace fully [3H]-KW-3902
specific binding since the Al receptor agonist showed a shallow
inhibition curve in the case of the [3H]-KW-3902 binding.

In the saturation studies, mammalian forebrain membranes
were incubated with 10 to 12 different concentrations of [3H]-
CHA ranging from 0.2 to 5 nm in rat, from 0.5 to 22 nM in
guinea-pig and from 1 to 33 nM in dog; or with [3H]-KW-3902,
ranging from 0.01 to 0.7 nm. For the displacement studies, 7 to
15 different concentrations of inhibitor were included in the
incubation buffer containing [3H]-CHA as described.

[3H]-CGS21680 binding study

Striatal tissues from Wistar rats were homogenized in ice-cold
50 mM Tris-HCl buffer, pH 7.7. The homogenate was cen-
trifuged at 50,000 g for 10 min at 4°C, and the pellet was
washed in fresh buffer. Binding of [3H]-2-[p-(2-carboxyethyl)-
phenethylamino] - 5' - N - ethylcarboxamidoadenosine (CG-
S21680) to rat striatal membranes was measured by a mod-
ification of the method described by Jarvis et al. (1989). The
assay mixture contained 50 mM Tris-HCl buffer, pH 7.7,
striatal membranes, 4 nM [3H]-CGS21680, 10mM MgCl2, and
0.1 unit ml-' adenosine deaminase. Incubation was for
120 min at 250C. Nonspecific binding was defined in the pre-
sence of 100 gM N6-cyclopentyladenosine (CPA). Termination
of the reaction and determination of the bound radioactivity
were carried out by the same procedure as for [3H]-CHA
binding. The binding assays were performed in duplicate with
seven concentrations of each drug. Protein concentrations
were determined by the method of Lowry et al. (1951) with
bovine serum albumin used as the reference standard.

['25I]-4-aminobenzyl-5'-N-methylcarboxamidoadenosine
(AB-MECA) binding study

Two primers (5'-CGGAATTCCGATGAAAGCCAACAA-
TACC-3' and 5'-CGGAATTCCGCTACTCAGTAGTCTG-
TTC-3') were made, based on the published DNA sequence of
the rat adenosine A3 receptor (Zhou et al., 1992). Rat kidney
mRNA was subjected to a RT-PCR amplification reaction.
The resulting 963-bp fragment was subcloned into the ECoRI
site of pBluescriptll SK(-) (Stratagene CA, U.S.A.). The
DNA sequence obtained was confirmed to be the sequence as
reported. The cDNA was inserted into the expression vector

pAGE I10, a dhfr transcription unit containing a version of
pAGE107 (Miyaji et al., 1990). For stable expression, the
vector was transfected into Chinese hamster ovary (CHO)
cells. CHO cells were maintained in MEMa-2000 medium
containing 5% dialyzed foetal bovine serum, G418
(0.3 mg ml-'), methotrexate, (50 nM), penicillin (100
units ml-') and streptomycin (100 Mg ml-'). The binding of
[I251]-AB-MECA to A3 receptor membranes from transfected
CHO cells was carried out as described by Olah et al. (1994).
The assays were conducted at 370C for 90 min in the assay
mixture containing 50 mM Tris-HCl, 10 mM MgCl2, 1 mM
EDTA, pH 8.26 buffer (50/10/1 buffer), 3 units ml-' adeno-
sine deaminase, cell membranes and 0.1 nM ['251]-AB-MECA.
Non-specific binding was determined by the presence of
100 gM R-PIA. Binding reactions were terminated by filtration
through Whatman GF/B filters presoaked in 0.3% poly-
ethylenimine using a MT-24 cell harvester. Filters were washed
three times with 50/10/1 buffer (3 ml) and bound radioactivity
was measured in a y-counter (COBRA, Packard Instrument
Co., CT, U.S.A.).

Binding of various radioligands

Binding of [3H]-nitrobenzylthioinosine, [3H]-2-([2',6'-di-
methoxy]-phenoxyethylamino)methylbenzodioxan (WB-4101),
[3H]-clonidine, [3H]-dihydroalprenolol, [3H]-flunitrazepam,
[3H]-(R)-( + )-8-chloro-2,3,4,5-tetrahydro-3-methyl-5-phenyl-
1H-3-benzazepin-7-ol hemimaleate (SCH23390), [3H]-spiper-
one, [3H]-muscimol, [3H]-mepyramine, [3H]-tiotidine, [3H]-
quinuclidinylbenzilate, [3H]-(-)-nicotine, [3H]-8-hydroxy-2(di-
n-propylamino)tetralin, [3H]-ketanserin, and [3H]-quipadine to
the adenosine transporters (Verma & Marangos, 1985), to a,-
and Ox2-adrenoceptors (Greenberg et al., 1976), ,B-adrenocep-
tors (U'Prichard et al., 1978), benzodiazepine receptors
(Braestrup & Squires, 1977), dopamine DI receptors (Billard et
al., 1984), dopamine D2 receptors (Leysen & Gommeren,
1981), GABAA receptors (Williams & Risley, 1979), histamine
H, receptors (Chang et al., 1979), histamine H2 receptors
(Gajtkowski et al., 1983), muscarinic Ml acetylcholine re-
ceptors (Bloom et al., 1987), nicotinic acetylcholine receptors
(Lippiello & Fernandes, 1988), 5-HTA receptors (Gozlan et
al., 1983), 5-HT2 receptors (Leysen et al., 1981) respectively,
were measured according to the methods described previously.

Cyclic nucleotide phosphodiesterase (PDE) assay

PDE isoenzymes, calmodulin-dependent PDE (PDE I), cyclic
GMP-stimulated PDE (PDEII), cyclic GMP-inhibited PDE
(PDE III), cyclic AMP-specific PDE (PDE IV) and cyclic
GMP-specific PDE (PDE V) were prepared from dog trachea
according to Torphy & Cieslinski (1990). PDE activity was
measured by a two-step procedure previously described by
Kincaid & Manganiello (1988).

Cell culture

DDT1 MF-2 cells, a hamster vas deferens cell line, and Jurkat
cells, a human T cell line were obtained from the American
Type Culture Collection. DDT1 MF-2 cells were grown in a
flask containing Dulbecco's modified Eagle's medium
(DMEM) with 2.5% foetal bovine serum, 2.5% horse serum,
100 units ml ` penicillin, 100 Mg ml-' streptomycin and 2 mM
glutamine. Jurkat cells were cultured in RPMI1640 medium
with 10% foetal bovine serum, antibiotics and 2 mM gluta-
mine.

Assay of cyclic AMP level in DDTJ MF-2 and Jurkat
cells

DDT1 MF-2 cells were harvested by centrifugation for 5 min
at 800 g, washed twice in assay medium (serum-free DMEM
buffered with 20 mM HEPES, pH 7.4, supplemented with
0.1% BSA). The cells were suspended in the same buffer sup-
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plemented with 3 units ml-' adenosine deaminase and 30 gM
rolipram (phosphodiesterase inhibitor) and then preincubated
for 10 min at 370C. Assays were initiated by transferring the
suspension of DDT1 MF-2 cells (1 x 105 cells) into different
concentrations of drugs and/or 30 gM forskolin. Incubation
was for 10 min at 370C, and was terminated by heating at 950C
for 2 min. After centrifugation, cyclic AMP content in the
supernatant was measured with a cyclic AMP radio-
immunoassay kit from Yamasa (Chiba Japan). In Jurkat cells,
assays were performed as described for DDT1 MF-2 cells, with
the exception that RPMI1640 medium buffered 20 mM
HEPES, pH 7.0 was used as the assay medium, and adenosine
deaminase and forskolin were not used.

Data analysis

Computer analyses (EBDA and LIGAND (Munson & Rod-
bard, 1980) were used to evaluate the dissociation constant (Kid
value) and receptor density (Bma, value). A partial F test was
used to determine whether the binding was better fitted by a
one- or two-site model (Munson & Rodbard, 1980). IC50 va-
lues and Hill coefficients were determined from computeriza-
tion of the logit-log curves. The Cheng-Prusoff equation
(Cheng & Prusoff, 1973) was used to calculate Ki values from
IC50 values. Statistical significance of the Kd and Bmax changes
were determined with a Scheffe type test. Data represent
means + standard errors (s.e.).

(n=4) to 5.7+0.15 nM (n=3) in the presence of I nM KW-
3902 (n = 3, P<0.01). The maximal number of binding sites
was reduced from 270 + 15 fmol mg-' of protein to
196+ 10 fmol mg-' of protein (n = 4, P< 0.05) in the presence
of 0.3 nM KW-3902 and to 166+12 fmol mg-' of protein
(n = 3, P <0.01) in the presence of 1 nM KW-3902. KW-3902
displaced ['H]-CGS21680 binding to the rat striatal A2A re-
ceptor with a Ki value of 170+ 16 nM (Table 1). KW-3902 was
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Chemicals

[3H]-N6-cyclohexyladenosine (CHA, specific activity,
1024.9 GBq mmol-') and [3H]-2-[p-(2-carboxyethyl)-phe-
nethylamino]-5'-N-ethylcarboxamidoadenosine (CGS21680,
1465.2 GBq mmol-') were purchased from New England
Nuclear (Boston, MA, U.S.A.). [1251I]-4-aminobenzyl-5'-N-me-
thylcarboxamidoadenosine (AB-MECA, 74 TBq mmol-')
was purchased from Amersham International plc. (Buck-
inghamshire, England). 8-(Noradamantan-3-yl)-[3H]-1,3-di-
propylxanthine (['H]-KW-3902, 1980 GBq mmol-'; radio-
chemical purity, 98%) was tritiated by Amersham Interna-
tional plc. (Buckinghamshire, England). CGS21680 was from
Research Biochemicals, Inc. (Natick, MA, U.S.A.). N6-cyclo-
pentyladenosine (CPA), N6-cyclohexyladenosine (CHA), 5'-N-
ethylcarboxamidoadenosine (NECA), N6-(R)-phenylisopro-
pyladenosine (R-PIA), adenosine deaminase, forskolin and
methotrexate (MTX) were from Sigma Chemical Co. (St.
Louis, MO, U.S.A.). KW-3902, 8-cyclopentyl-1,3-dipro-
pylxanthine (DPCPX), 9-chloro-2-(2-furyl)[1,2,4]-triazolo[1,5-
c]quinazolin-5-amine (CGS15943), xanthine amine congener
(XAC),8 - (3,4 - dimethoxystyryl) - 1,3 - dipropyl - 7-methylxan-
thine (KF17837S) and rolipram were synthesized at the Med-
icinal Chemistry Department of the Pharmaceutical Research
Laboratories (Shimada et al., 1992). All cell culture supplies
and G418 (Geneticin) were from GIBCO-BRL (Gaithersburg,
MD, U.S.A.). Other reagents were from standard commercial
sources.
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Figure 2 (a) Concentration-inhibition curves of KW-3902 and other
adenosine antagonists versus lnM [3H]-CHA in rat forebrain
membranes: (0) KW-3902; (A) DPCPX; (0) XAC; (AL)
CGS15943. (b) Competition of KW-3902 for [3H]-CHA binding to
adenosine Al receptors on rat forebrain membranes. Scatchard
analysis of [3H]-CHA binding in the presence or absence of KW-
3902: (0) control; (0) in the presence of 0.3 nM KW-3902; (A) in
the presence of 1 nm KW-3902. Values are means+ s.e. of three or
four separate experiments in duplicate.

Results

Affinities of KW-3902 for rat brain adenosine A, and
A2A receptors

KW-3902 concentration-dependently displaced [3H]-CHA
binding to adenosine Al receptors on rat forebrain membranes
(Figure 2a). The Ki value was 0.19 + 0.042 nm. Reference
xanthine antagonists, DPCPX and XAC, and nonxanthine
antagonist, CGS1 5943 had Ki values of 0.49 + 0.060 nM,
1.1 +0.043 nm, and 2.1 + 0.49 nM, respectively (Figure 2a).
Scatchard analysis showed that KW-3902 caused a significant
change in the Kd and Bma,,x values, indicating that the inhibition
mode is a mixed type (Figure 2b). The apparent Kd value of
[3H]-CHA increased from control values of 1.7+0.09 nM

Table 1 Affinities of KW-3902 and other compounds for
adenosine A1 and A2A receptors in rat brain membranes

Ki (nM)
Compound Al receptor A2A receptor

KW-3902
DPCPX
XAC
CGS15943

0.19+0.042
0.49 +0.060
1.1 +0.043
2.1 +0.49

170+16
120+9.1
14+4.0

0.39+0.13

Ki ratio
A2AIAI
890
240
13

0.19

Rat forebrain (Al) or striatal (A2A) membranes were
incubated with 1 nM [3H]-CHA or 4 nM [3H]-CGS21680,
respectively, in the presence of various concentrations of
compounds. Values are means + s.e. of three separate
experiments performed in duplicate.
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therefore 890 fold selective for Al versus A2A receptors in rat
brain membranes. KW-3902, DPCPX, XAC and CGS15943
up to 10 gM did not inhibit [251I]-AB-MECA binding in
membranes from CHO cells expressing the rat adenosine A3-
receptor.

[3H]-KW-3902 binding in rat forebrain membranes

After 60 min incubation at 25'C, 1 nM [3H]-KW-3902 bound
to rat forebrain membranes with specific binding amounting to
approximately 80% of total binding (Figure 3a). Kinetic time
course experiments revealed that the binding of [3H]-KW-3902
reached equilibrium after approximately 10 min and was re-
versed by the addition of 100 gM R-PIA (Figure 3b). Asso-
ciation and dissociation kinetic rate constants determined
as described by McPherson (1985), were as follows:
kob,=0.41 +0.022 min-', k-1 =0.019+0.00099 min-' t1/2 =
37 + 2.0 min, k+ I = 0.68 + 0.088 min-' nM- l and Kd= 0.030
nM. In saturation studies, [3H]-KW-3902 bound to a single site
with a Bm., of 470 + 23 fmol mg-' of protein and Kd of
0.077+0.0055 nM (Figure 4a).

Concentration-inhibition curves for adenosine receptor
antagonists versus [3H]-KW-3902 were steep, with Hill coeffi-
cients near 1.0, whereas adenosine receptor agonists had
shallower curves with Hill coefficients between 0.53 and 0.60
(Table 2). The Ki values of the antagonists for displacement of
[3H]-KW-3902 binding were in good agreement with those of
[3H]-CHA binding. The affinities of the agonists were one or-
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der of magnitude lower for [3H]-KW-3902 binding than for
[3H]-CHA binding. However, the order of potencies of the
agonists was the same in both radioligand assays; R-PIA>
CHA>NECA> > CGS21680. The Hill coefficient of the
agonist R-PIA in [3H]-KW-3902 binding was 0.63 + 0.051
(Figure 4b). The data analyzed by the LIGAND programme
fit significantly a model for two classes of non-interacting sites
(P<0.001 vs. a model for single class), giving a high affinity
site with KiH of 2.7 nM and a low affinity site with KiL of 64 nM.
As shown in Figure 4b, inclusion of 100 yM GTP shifted the
inhibition curve of R-PIA to the right and the Hill coefficient
to 0.86 + 0.051. The Ki values of R-PIA altered from
17 +0.98 nm in the absence of GTP to 85 + 13 nM in the pre-
sence of GTP. On the other hand, GTP did not affect the
inhibition curve and the Ki value for KW-3902 (Ki;
0.10+0.019 nM and nH; 0.97 +0.12 in the absence of GTP, K1;
0.10+0.021 nM and nH: 1.25+0.020 in the presence of GTP,
Figure 4b).

Effect of KW-3902 on cyclic AMP accumulation in
DDTJ MF-2 and Jurkat cells

The adenosine Al receptor function has been defined by its
ability to inhibit cyclic AMP production. In DDT1 MF-2 cells,
the adenosine Al selective agonist, CPA, markedly inhibited
cyclic AMP accumulation in the presence of 30 ,M forskolin,
consistent with the previous report by Schachter & Wolfe
(1992) (Figure 5a). Although DDT1 MF-2 cells express both
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Figure 3 Kinetics of [3H]-KW-3902 binding to rat forebrain
membranes: representative curves of association (a) and dissociation
(b). Dissociation was initiated by the addition of 10OMp unlabelled
R-PIA after a 60min incubation of ligand with the tissue at 250C.
Association and dissociation kinetic rate constants were;
kob ,=0.41 +0.022minl, k1 X = 0.019 +0.00099 min' from a

tl/2= 37+ 2.0 min, and k+l = 0.68 + 0.088 min nm -l. Values indi-
cate means+s.e. obtained from at least three separate experiments.
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Figure 4 (a) Representative Scatchard plot for [3H]-KW-3902
binding to rat forebrain membranes. A Kd value of
0.077+0.0055nM and a Bma, value of 470+23fmolmg-1 protein
were determined. These Kd and Bma, values indicate means +s.e.
from four experiments. (b) Competition of [3H]-KW-3902 binding to
rat forebrain membranes by R-PIA (EO, ) and KW-3902 (0, 0).
Specific binding of [3H]-KW-3902 in the presence (open symbols) and
in the absence (closed symbols) of 100 gM GTP was determined at
various concentrations of R-PIA or KW-3902. Data points represent
means+ s.e. from at least three separate experiments conducted in
duplicate.
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adenosine Al and A2 receptors, Al receptors are much higher
in density than A2 receptors (Ramkumar et al., 1990). Thus, in
the presence of the Al agonist CPA from 10-10 M to 10-7 M,
DDT1 MF-2 cells show only a pharmacological character of
typical Al receptors. Nanomolar concentrations of KW-3902
shifted the dose-response curve for CPA to the right (Figure
5a). Schild analysis indicated an apparent KB value of
0.34+0.042 nM with a slope factor of 1.40+0.058. KW-3902
alone had no effect on either the basal cyclic AMP level
(3.2 +0.53 pmol/106 cells) or the forskolin-stimulated cyclic
AMP levels (67 + 7.9 pmol/106 cells).

To evaluate its effect on the A2B receptor, the actions of
KW-3902 on 5'-N-ethylcarboxamidoadenosine (NECA)-in-
duced cyclic AMP accumulation in Jurkat cells were examined.
As shown in Figure Sb, KW-3902 caused a rightward shift of
the NECA dose-response curve and showed an apparent KB
value of 52+ 5.2 nM with a slope factor of 1.47 + 0.092. The KB
value was comparable to that of DPCPX (55 + 7.3 nM, slope
factor 1.08 + 0.17, Figure 5c). KW-3902 had no effect on the
basal cyclic AMP levels (0.90±0.10 pmol/106 cells). These re-
sults indicated that KW-3902 showed approximately 150 times
more potent antagonism for the Al receptor response than for
the A2B receptor response without any partial agonist activity.

Affinities of KW-3902 for adenosine Al receptors in
guinea-pig and dog forebrain membranes

Using membranes prepared from forebrains of rat, guinea-pig
and dog, we investigated species differences in adenosine Al
receptors (Table 3). The data on the equilibrium binding stu-
dies in each species fit to a single-site binding model, suggesting
homogeneity for [3H]-CHA binding sites within each species
(data not shown). Referred to the Kd value for [3H]-CHA in rat
forebrain membranes (1.2+0.19 nM), the Kd value for the

Table 2 Comparison of the inhibition by various adeno-
sine agonists and antagonists of the binding of [3H]-KW-
3902 and [3H]-CHA to rat forebrain membranes

[3H]-KW-3902
Ki (nM) nH

Agonists
R-PIA
CHA
NECA
CGS21680
Antagonist
KW-3902
DPCPX
XAC
CGS15943
KF17837S

13+2.9
21 +4.4
61+ 11
> 10 000

0.10+0.012
0.27+0.013
0.57+0.099
1.2+0.21
190+33

0.57+0.016
0.60+0.028
0.53 +0.022

lNDa

0.94+0.024
0.97+0.019
1.00+0.020
1.04+0.13
0.92+0.048
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Figure 5 (a) Antagonism by KW-3902 of the ability of CPA to
inhibit forskolin-stimulated cyclic AMP accumulation in DDT1 MF-
2 cells: (0) control; (-) in the presence of 0.3 nM KW-3902; (A\) in
the presence of 1 nM KW-3902; (0) in the presence of 3 nM KW-
3902. The results are expressed as percentage of the 30MM forskolin-
stimulated cyclic AMP levels (67 + 7.9 pmol/106 cells). The basal
cyclic AMP levels are 3.2±0.53pmol/106 cells. (b and c) Antagonism
by KW-3902 (b) and DPCPX (c) of NECA-elicited cyclic AMP
accumulation in Jurkat cells: (0) control; in the presence of 30 (A),
100 (E) and 300 (-)nM compounds. The results are expressed as
percentage of the 100lM NECA-elicited cyclic AMP levels (KW-
3902; 70+21 pmol/106 cells, DPCPX; 49±1.4 pmol/106 cells). The
basal cyclic AMP levels are 0.90+0.10pmol/106 cells in (b) and
0.81 0.17pmol/106 cells in (c) respectively. Values are means+s.e.
of three separate experiments performed in duplicate.

Table 3 Equilibrium binding constants of [3H]-CHA binding to mammalian forebrain and the inhibition constants of KW-3902 and
other adenosine antagonists

Species

Rat
Guinea-pig
Dog

Kd (nM)
[3H1-CHA

1.2+0.19
7.5 +0.28
28+5.2

KW-3902

0.19+0.042
1.3+0.12
10+2.6

Ki (nM)
DPCPX CGS15943

0.49+0.06
6.4+0.35
17+6.5

2.1 +0.49
9.6+0.44
8.2± 1.1

XAC

1.1 +0.043
11±0.28
16+ 1.8

Values are means + s.e of three to five separate experiments performed in duplicate.
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guinea-pig membranes was 7.5 + 0.28 nm and that for the dog
forebrain membranes was 28 + 5.2 nm. The Ki values of KW-
3902 for [3H]-CHA binding in rat, guinea-pig, and dog were
0.19 + 0.042, 1.3 + 0.12, and 10 + 2.6 nm, respectively. Ac-
cordingly, the activities of KW-3902 for guinea-pig and dog
were 6.8 fold and 53 fold lower than the activity for rat, re-
spectively (Table 3).

Affinities of KW-3902 for other receptors and
phosphodiesterases

KW-3902 had no effects on the adenosine transporters, on a,-
and Lx2-adrenoceptors, and P-adrenoceptors, benzodiazepine
receptors, dopamine DI receptors and dopamine D2 receptors,
GABAA receptors, histamine HI receptors and histamine H2
receptors, muscarinic Ml acetylcholine receptors, nicotinic
acetylcholine receptors, S-HTlA receptors and 5-HT2 receptors
at a concentration of 10 kIM (Table 4).

KW-3902 had no effects on all 5 isoenzymes of cyclic nu-
cleotide phosphodiesterase from dog trachea at concentrations
up to 10 gM (data not shown).

Discussion

KW-3902 has very potent diuretic and renal protective effects
in rats (Mizumoto et al., 1993). In the present studies, we have
characterized KW-3902 in various in vitro assays. KW-3902
showed the most potent activity for Al receptors among the Al
antagonists including the well known Al-selective antagonist,
DPCPX (Bruns et al., 1987; Lohse et al., 1987). We used the
radioligand [3H]-CHA to label mammalian brain Al receptors,
because DPCPX has been reported to act as an antagonist at
A2B receptors with a KB value of about 10-8 M (Brackett &
Daly, 1994). In the study of [3H]-CHA binding to rat brain
membrane Al receptors, KW-3902 bound to a single class of
sites at the receptors as indicated by pseudo-Hill slopes of
0.99+0.013 (Figure 2a). The competition binding studies of
KW-3902 showed a mixed type of inhibition (Figure 2b). The
decrease in Bmax together with the increase in Kd suggests that
KW-3902 binds at least at two different sites on the Al re-
ceptor, one site is likely to be the site the radioligand binds.
The other site remains unclear.

The sites of KW-3902 binding have been further char-
acterized by using the newly prepared radioligand, [3H]-KW-
3902. [3H]-KW-3902 showed a high affinity binding to rat

Table 4 Radioligand binding profile of KW-3902

Receptor

Adenosine transporter

AdrenalineaI
Adrenaline z2

Adrenaline
Benzodiazepine
Dopamine D1
Dopamine D2
GABAA
Histamine H1
Histamine H2
Muscarinic M1 ACh
Nicotinic ACh
5-HTIA
5-HT2

% inhibition
(10 gM)

-3
5

3
23
2
7
4
0

4
3
3
4
-1
4

Assays were run according to standard protocol documen-
ted in references. Rat or guinea-pig brain membranes were

used as receptor sources. All assays were validated using
appropriate reference standards. Values are means of three
separate experiments performed in duplicate.

forebrain membrane. The Kd value was 0.077 + 0.0055 nm and
the Bmax value 470 + 23 fmol mg-1 of protein (Figure 2b). This
Kd value was consistent with the affinity of KW-3902 for the
[3H]-CHA binding site. The Bmax value was similar to the va-
lues of [3H]-XAC and [3H]-DPCPX binding to the Al receptor
(Jacobson et al., 1986; Lohse et al., 1987). The order of po-
tencies of adenosine agonists and antagonists in competing for
[3H]-KW-3902 binding agreed well with those in the adenosine
A1 receptor binding study with [3H]-CHA (Table 2). The
competition curves for the agonists versus the binding of [3H]-
KW-3902 were biphasic in the absence of GTP; e.g. KiH of
2.7 nm and KiL of 64 nM for R-PIA. The KiH was similar to the
K, for [3H]-CHA binding (1.1 nM) suggesting that the high
affinity site was corresponding to the Al receptor recognized by
[3H]-CHA. The addition of GTP resulted in rightward shift of
the inhibition curve for R-PIA with a Hill coefficient of 0.86
(Figure 4b). The inhibition curve of the antagonist KW-3902
had no effect either in the presence or absence of GTP. The
rightward shift of the agonist competition curve, but no shift
of the antagonist curve, by GTP indicated that the [3H]-KW-
3902 binding sites were coupled to G-proteins. The Ki value of
R-PIA in the presence of GTP corresponded to the KiL. This
suggests that R-PIA recognizes both the GTP-associated low
affinity state and the GTP-dissociated high affinity state. These
results demonstrated that [3H]-KW-3902 specifically labelled
adenosine Al receptors in rat forebrain membrane.

KW-3902 had a 890 fold binding selectivity for the Al over
the A2A receptor in rat brain and showed no effect on re-
combinant rat adenosine A3 receptor expressed on CHO cells
at a concentration of 10 giM. Since no good binding assays for
the A2B receptor have been developed due to the lack of specific
ligands for these receptors, we have not yet determined the
binding affinity of KW-3902 for the A2B receptor. We alter-
natively examined the functional assays for the Al and the A2B
receptors using DDT1 MF-2 cells and Jurkat cells, respec-
tively. KW-3902 potently antagonized the CPA-induced cyclic
AMP decrease in the presence of 30 gIM forskolin in intact
DDT1 MF-2 cells which express Al receptors (Figure 5a). The
antagonism was not competitive with a slope factor of
1.40 + 0.058 from the Schild plot and it showed a mixed type
inhibition at the binding assay using rat brain membranes. A
similar inhibition type has been noted for PACPX (Burnstock
& Hoyle, 1985), although the cause remains unclear. The ap-
parent KB value (0.34 nM) corresponded to the binding affinity
for the A1 receptor in rat brain membrane (Ki value: 0.19 nM).
KW-3902 inhibited NECA-elicited cyclic AMP accumulation
in Jurkat cells (Figure Sb), a response via A2B receptors
(Kvanta et al., 1991) but again the inhibition was not com-
petitive, with a slope factor of 1.47 + 0.092 from the Schild
plot. The apparent KB value of KW-3902 for the A2B receptor
antagonism was 52 + 5.2 nM, indicating that KW-3902 has a
150 fold selectivity for the Al over the A2B receptor. Further-
more, the compound had substantially no affinity for the other
14 receptors and 5 phosphodiesterase isoenzymes. The ap-
parent KB value of KW-3902 in Jurkat cells was almost equal
to that of DPCPX (55+ 7.3 nM, Figure Sc), one of the most
potent and selective A1 antagonists reported so far. Recently,
DPCPX has been reported to antagonize the cyclic AMP re-
sponse in NIH 3T3 fibroblast cells via A2B receptors with the
KB value of 17+ 3 nM (Brackett & Daly, 1994), comparable to
the value in Jurkat cells. The Ki values of DPCPX were
0.49+0.060 nM for [3H]-CHA binding and 120+9.1 nM for
[3H]-CGS21680 binding rat, respectively (Table 1). The se-
lectivity ratios of DPCPX for the A1 receptor binding were 240
versus the A2A receptor and 110 versus the A2B receptor
whereas the ratios of KW-3902 were 890 versus the A2A and
270 versus the A2B receptor. Altogether, KW-3902 turns out to
be the most potent and selective Al antagonist.

Al receptors in DDT1 MF-2 cells have been reported to
inhibit adenylate cyclase via pertussis toxin-sensitive G-pro-
teins,GQ2 and/or Gi3 (Gerwins et al., 1990; Gerwins & Fred-
holm, 1991). KW-3902 therefore appears to antagonize the
CPA-induced cyclic AMP decrease via a pertussis toxin-sen-
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sitive G protein in DDT1 MF-2 cells. In addition, the right-
ward shift of the R-PIA inhibition curve caused by GTP in the
[3H]-KW-3902 binding experiments indicated that adenosine
Al receptors labelled with [3H]-KW-3902 were coupled to G-
proteins. However, it has been suggested that diuretic and re-
nal protective effects of KW-3902 in vivo did not involve a
pertussis toxin-sensitive mechanism (Mizumoto et al., 1993).
Previously van der Ploeg et al. (1992) reported that in-
traventricular injection of the toxin had no effect on Al re-
ceptor binding in any brain region studied, as evaluated by
autoradiography. Clarifying what mechanism underlies the
pertussis toxin-insensitive activities of KW-3902 in vivo re-
quires further investigation.

Species-dependent differences have been found in the po-
tencies of antagonists for the Al receptor binding (Table 3).
Several other xanthine antagonists have already been reported
to show higher binding affinity for rat Al receptors than for
guinea-pig Al receptors (Ferkany et al., 1986; Ukena et al.,
1986). We further demonstrated that the affinities of xanthine
antagonists for Al receptors were lower in dog than in guinea-
pig. Thus KW-3902 showed Ki values of 0.19+0.042,
1.3 + 0.12, and 10 + 2.6 nM for rat, guinea-pig, and dog A1
receptors, respectively (Table 2). KW-3902 also exhibited
species difference in diuretic activity, i.e. the threshold dosages
having significant diuretic activity were 0.001 mg kg-' p.o. in
rat and 1 mg kg-' p.o. in dog (Kobayashi et al., 1993). The
difference in the Al affinity of KW-3902 apparently con-
tributed to the difference in the diuretic activities. In addition,
preliminary pharmacokinetic studies of KW-3902 showed that
the maximum concentration of the compound in serum was

much higher in rats than in dogs (unpublished data). The big
difference in diuretic activities between rats and dogs therefore
appears to be due to the binding affinities together with the
pharmacokinetics of KW-3902.

Adenosine has been reported to act on the kidney to cause
various functional changes. They include control of glomerular
filtration rate, renin secretion from the juxtaglomerular cell,
transport throughout the length of the nephron, intracellular
Ca2+ in cortical collecting duct, and the arginine vasopressin
induced cyclic AMP accumulation in medullary collecting duct
(McCoy et al., 1993; Spielman & Thompson, 1982; Spielman &
Arend, 1991). These adenosine actions might be involved in the
diuretic and renal protective effects of KW-3902 via the Al
receptor. Further studies are necessary to clarify the mechan-
ism of action of KW-3902.

In conclusion, KW-3902 is the most potent and specific
antagonist at adenosine Al receptors described to date. In
addition [3H]-KW-3902 is a useful radioligand for adenosine
Al receptors. KW-3902 should facilitate further studies on
physiopathological role of the adenosine Al receptor but also
have a potential clinical use for the treatment of oedema and
renal failure.

We thank Miss Taeko Suzuki and Miss Mayumi Saki for the expert
assistance. We thank Dr Akiko Saito for providing transfected
CHO cells. We are grateful to Dr Tadashi Hirata for encouragement
and support.
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